STUDY QUESTION: Do mitochondrial DNA (mtDNA) copy number and heteroplasmy in human embryos affect the ongoing pregnancy rate?
PARTICIPANTS/MATERIALS, SETTING, METHODS:
Sequencing reads mapping to the mtDNA genome were extracted from indexed bam files to identify copy number and heteroplasmy. The relative measure of mtDNA copy number was calculated by dividing the mtDNA reads by the nuclear DNA value to normalize for technical variants and the number of cells collected at the biopsy. All the results were subjected to a mathematical correction factor according to the embryo genome. Heteroplasmy was assigned by MitoSeek.
MAIN RESULTS AND THE ROLE OF CHANCE:
The mean average copy number and SD of mtDNA per genome was 0.0016 ± 0.0012. Regarding heteroplasmy, 40 embryos were heteroplasmy carriers (26.32%). MtDNA variants were detected in coding and noncoding regions and the highest number of variants in an embryo was eight. With respect to IVF outcome for mtDNA copy number analysis, we set a threshold of 0.003 for the following analysis. The vast majority of the embryos were below the threshold (142/159, 89.31%) and 17 embryos were classified as having higher mtDNA levels. We showed a reduction in ongoing pregnancy rate associated with elevated mtDNA copy number (42.96% versus 17.65%, P < 0.05). This result was independent of maternal age and day of the biopsy: these factors were included as confounding factors because mtDNA copy number was negatively correlated with female age (25 -30 y: 0.0017 ± 0.0011, 30 -35 y: 0.0012 ± 0.0007, 35 -40 y: 0.0016 ± 0.0009, over 40 y: 0.0024 + 0.0017, P < 0.05). Embryos biopsied on Day 5 were more likely to have higher quantities of mtDNA compared with those biopsied on Day 6 (0.0017 versus 0.0009, P < 0.001). According to IVF outcome and heteroplasmy, a lower ongoing pregnancy rate was reported for embryos that carried more than two variants. However, this did not reach statistical significance when we compared embryos with a number of variants lower or higher than two (39.15 versus 20.0, P = 0.188). Finally, a clear positive association between the mtDNA variants and copy number was reported when we compare embryos with or without heteroplasmy (0.0013 ± 0.0009 versus 0.0025 ± 0.0014, P < 0.001) and among different numbers of variants (0:0.0013 ± 0.0009, 1-2:0.0023 ± 0.0012, >2:0.0043 ± 0.0014, P < 0.05).
Introduction
Mitochondria constitute the powerhouses of cells, producing the energy required for all cellular functions. In addition, mitochondria have important roles in calcium homoeostasis, fatty acid oxidation and apoptosis. Maternally inherited, mitochondria are highly dynamic organelles that continuously move, fuse and divide in response to variations in cellular energy demands. Mitochondria differ from all other organelles in animals in having their own genome in the form of mitochondrial DNA (mtDNA), a double-stranded circular 16569 bp DNA molecule in humans (Anderson et al., 1981) , which contains 37 genes: 22 tRNAs, two rRNAs and 13 protein subunits of the electron transport chain. The mtDNA content of each human cell type is highly variable, with the extremes being the spermatozoa that contain only a few copies (May-Panloup et al., 2003) and mature oocytes with up to several hundred thousand mtDNA copies (Reynier et al., 2001) . The mtDNA copy number is strictly regulated ensuring that mitochondria can generate appropriate levels of energy. Altered mtDNA copy number has been shown to be involved in cancer (Reznik et al., 2016) , neurodegeneration disorders (Schon and Manfredi, 2003) , ageing (Goldberg et al., 2018) and diabetes (Kwak et al., 2010) .
Usually, mtDNA molecules of all the cells of an individual are homoplasmic, carrying only one genome with a given nucleotide sequence but due to the proximity of mtDNA with the respiratory chain, and the lack of protective histones and efficient repair mechanisms, the mtDNA mutation rate is almost 25 times higher than that of nuclear DNA (Lynch et al., 2006) . Thus, a large number of mutations (>200) and polymorphisms have been described for mtDNA in its heteroplasmic forms (Brandon et al., 2005) . In particular, recent studies have shown that mtDNA heteroplasmy is common in the general population (Payne et al., 2013; Ye et al., 2014) .
Beyond a certain percentage of heteroplasmy the synchronization between the nuclear and mitochondrial genes may break down, particularly in terms of energy production (Reinhardt et al., 2013) . In fact, during a bottleneck, genetic drift occurs together with mutationspecific negative and positive selection mechanisms at the level of oxidative phosphorylation (Otten et al., 2018) .
Infertility is a common disease affecting up to 10% of all couples (Mascarenhas et al., 2012) Identifying the genetic basis of infertility is important in order to develop treatments and potentially improve the outcomes of ART. The functional role of mitochondria in infertility is becoming an increasingly important consideration. The mtDNA in oocytes or embryos have been shown to be involved in some causes of infertility: ovarian insufficiency (May-Panloup et al., 2016) , endometriosis (Xu et al., 2015) , female age (Fragouli et al., 2015) and aneuploidy of embryos (Diez-Juan et al., 2015) . Mitochondrial function has also been proposed as a biomarker for embryo implantation (Seli, 2016) .
About one-third to one-quarter of the morphologically and chromosomally normal embryos fail to implant. Research has been focused on new technologies, such as metabolomics (Marhuenda-Egea et al., 2010) , that would assess embryo viability and ultimately allow transfer of a single competent embryo. One important factor in embryo implantation potential could be an adequate energy supply (Leese, 
WHAT DOES THIS MEAN FOR PATIENTS?
This research looks at whether the DNA found in cells called the mitochondria is important in the outcome of IVF treatment. Some previous reports have found that high levels of this mitochondrial DNA are linked with lower chances of an embryo implanting, but this has not been confirmed. Other studies suggest that the structure and whether there are different types of genetic material in the mitochondrial DNA may be relevant.
This research team looked at mitochondrial DNA samples from 159 blastocysts, which were then transferred. They analysed both the quantity and quality of the samples. Their research showed that embryos from women who were over 40 years old had higher levels of mitochondrial DNA than those from younger women, and that embryos with higher levels of mitochondrial DNA have a lower chance of producing an ongoing pregnancy. They say that more research in this field is needed to understand more about the role of mitochondrial DNA in the growing embryo. 2012). It has been speculated that both mtDNA heteroplasmy (Shamsi et al., 2013) and copy number (Diez-Juan et al., 2015; Fragouli et al., 2015 Fragouli et al., , 2017 Ravichandran et al., 2017) may contribute to embryo implantation potential. However, conflicting results in this area have already challenged the potential significance of mtDNA in embryo implantation (Treff et al., 2017; Victor et al., 2017) and further studies are needed in order to provide clarity. Moreover, the effects of mtDNA heteroplasmy and copy number were only discussed separately, with the results thus remaining inconclusive. Next generation sequencing (NGS) offers the great sensitivity required for the detection of low levels of heteroplasmy. Thus, NGS has provided the opportunity to conduct an in-depth analysis and allowed the study of mtDNA heteroplasmy and copy number simultaneously.
The aim of this study was to examine whether maternal and embryo factors influence mtDNA quantity and to investigate what influence mtDNA copy number and heteroplasmy in euploid non-mosaic embryos has on IVF outcome.
Materials and Methods

Study design
This study is a prospective non-selection study. We included blastocyst biopsies from couples who attended the Instituto Bernabeu for preimplantation genetic testing for aneuploidies (PGT-A). All blastocysts were diagnosed as euploid non-mosaic and were transferred. The mtDNA analysis was performed once the embryo diagnosis was known. We included 159 blastocysts biopsies from 142 couples from January 2017 to December 2017. Patients signed an informed consent form. This study was approved by the Instituto Bernabeu Institutional Review Board.
IVF procedures, embryo biopsy and aneuploidy testing
Briefly, all patients started controlled ovarian stimulation on Day 2-4 of their menstrual cycle with an initial dose of 150-225 UI/day of recombinant FSH alone (Gonal F. Merk-Serono, Madrid, Spain) or with HMG (Menopur. Ferring, Madrid, Spain) according to ovarian reserve parameters and BMI. When the lead follicle reached 13-14 mm a GnRH antagonist (Cetrotide ® , Merck-Serono, Madrid, Spain) was administered daily (0.25 mg/day). Finally a GnRH agonist (Triptoreline, 0.2 mg, Decapeptyl ® , Ipsen Pharma, Barcelona, Spain) was used for final oocyte maturation when follicles were >18 mm in diameter. Oocyte aspiration was performed 36 h after GnRH agonist injection s.c. by transvaginal ultrasoundguided needle-aspiration. Oocyte manipulation and ICSI were performed according to our own IVF laboratory guidelines. Fertilization was checked 16-18 h post ICSI. Zygotes were cultured in bench-top incubators (MINC-Cook and Planer-Origio, Barcelona, Spain) with low oxygen tension (5%) and a single-phase culture medium (Global Total ® : LifeGlobal, Canada) was used for embryo development. Two or three laser shots at a pulse of 0.536 ms were used to breach the zona pelluzida on Day 3. Blastocysts graded ≥3 (Gardner et al., 2000) with herniating cells were biopsied with the same laser pulses on Day 5 or 6. A Saturn Active laser from Research Instruments (RI, Germany) was used for this purpose. Three to six trophoectoderm cells were collected from the blastocysts and tubed for aneuploidy testing. Whole genome amplification on each biopsy was performed using the Sureplex method and followed by NGS using the Veriseq protocol (Illumina ® ) with the MiSeq Sequencer (Illumina ® ). Analyses for aneuploidy testing were performed using Bluefuse Multi Software (Illumina). All embryos were vitrified after biopsy. Euploid blastocysts were subsequently thawed after preparation and synchronization of the endometrium. For vitrification and warming we used the Irvine protocol (IrvineScientific, CA, USA). A single euploid non-mosaic blastocyst was transferred to each patient. For the embryo transfer patients received hormonal replacement therapy with oral or transdermal oestrogens, adding vaginal pessaries of progesterone, once the endometrial thickness was above 7 mm and showed a trilaminar pattern. All the procedures were performed by senior gynecologists.
Determination of mtDNA copy number and heteroplasmy
Sequencing reads mapping to the mtDNA genome were extracted from indexed bam files to identify copy number and heteroplasmy aligning to the mtDNA reference genome, as per the Genome Reference Consortium (GRC)h37. The relative measure of mtDNA copy number was calculated by dividing the mtDNA reads by the nuclear DNA value to normalize for technical batch to batch variation and the number of cells collected at the biopsy. All the results were subjected to a mathematical correction factor according to the embryo genome . For all euploid male embryos a multiplier of 0.9842 was included, because the male genome is 98.42% the length of the female genome. Regarding heteroplasmy, the NGS data for each sample was then remapped against the representative sequence in order that variant selection could be performed. Heteroplasmy was identified with the following criteria: a sequencing coverage >40× a minor allele frequency ≥2 and observed on both strands using the MitoSeek pipeline, i an open-source software tool. Only substitution variants were studied.
Statistics
All the data are represented using mean ± SD. For maternal and embryo factors, linear models and ANOVA were used to test for correlations with mtDNA copy number. Logistic regression models were utilized to test if relative mtDNA levels and heteroplasmy predict overall outcome among all embryos transferred. Maternal age, embryo quality and the day of the biopsy were included as confounding factors. Logistic regression was used to detect any correlation between mtDNA and heteroplasmy. A P-value <0.05 was considered to be statistically significant. The statistical analysis was performed in R Statistical Software version 3.4 (The R Foundation) and Statistical Package for the Social Sciences (SPSS) software (version 20.0, SPSS, Inc., Chicago, IL, USA). The ROCR package (Sing et al., 2005) was also used. ROCR is a package for evaluating and visualizing the performance of scoring classifiers using the statistical language R.
Results
Maternal and embryo factors
First we evaluated whether maternal and embryological parameters were associated with mtDNA copy number (Fig. 1) . Concerning maternal factors, there are no statistically significant differences according to the egg origin, i.e. donated or own egg (0.0017 ± 0.0012 versus 0.0017 ± 0.0011, respectively; P = 0.423). Second, regarding age, mtDNA was negatively correlated with female age (ranges 25 -30 y: 0.0017 ± 0.0011, 31 -35 y: 0.0012 ± 0.0007, 36 -40 y: 0.0016 ± 0.0009, older than 40 y: 0.0024 ± 0.0017, P = 0.044). Post-hoc analysis reveals that embryos from women older than 40 y had higher mtDNA levels (copy number) when compared to embryos from younger patients (0.0024 ± 0.0017 versus 0.0015 ± 0.0011, respectively; P = 0048). Third, no significant differences in mtDNA copy number were reported according to the indication for PGT-A: recurrent implantation failure (control 0.0016 ± 0.0012 versus RIF patients 0.0015 ± 0.0010; P = 0.365) or repeated miscarriage (control 0.0016 ± 0.0012 versus RPL patients 0.0017 ± 0.0010; P = 0.523). With regards to embryo factors, embryos biopsied on Day 5 were more likely to have higher quantities of mtDNA compared with those biopsied on Day 6 (0.0017 ± 0.0011 versus 0.0009 ± 0.0008, respectively: P = 0.0014). The quality of the blastocyst, extrapolating Gardner's criteria to the Spanish classification (Spanish Association for the Study of the Biology of Reproduction, ASEBIR, www.asebir.com) was not associated with mtDNA copy number (Grade A:0.0017 ± 0.0012, Grade B:0.0015 ± 0.0009, Grade C: 0.0006 ± 0.0003; P = 0.304). Finally, we also examined the possible relationship between the sex of the embryo and mtDNA copy number. We did not observe any significant differences in mtDNA levels between male and female embryos (0.0016 ± 0.0012 versus 0.0016 ± 0.0011, respectively: P = 0.851).
mtDNA copy number and IVF outcome
We analysed the mtDNA from 159 non-mosaic euploid embryos corresponding to 142 couples who underwent PGT-A with frozen single embryo transfer. Euploid embryos were selected for transfer based on the standard morphological criteria. The average maternal age at time of oocyte retrieval was 30.76 ± 6.81 years (range: 22-45 y). Of these, 51.56% correspond to donated oocytes. According to IVF outcome, 41.5% of the embryos failed to result in a pregnancy and 42% resulted in an ongoing pregnancy. The overall implantation rate was 43.40% per embryo.
With respect to mtDNA copy number and IVF outcome, quantification of mtDNA was successful in all cases. The average copy number of mtDNA per embryo was 0.0016 ± 0.0012. The distribution of mtDNA quantity in the euploid blastocyst showed a positive asymmetry and a long kurtosis (Fig. 2) . Due to the fact that mitochondrial dysfunction is only revealed when overall mitochondrial function drops below a threshold, we set a cut-off. In order to select the most extreme values we chose the 90 percentile of mtDNA values to set the threshold. The value of 0.003 was then used as a threshold for the following analysis. The vast majority of the embryos are below the threshold (142/159, 89.31%), while 17 embryos were classified as having high mtDNA levels. When we compared embryos with mtDNA below or above the threshold, respectively, no significant differences were reported for pregnancy rate (59.15% versus 47.10%, P = 0.33), biochemical pregnancy (13.38% versus 17.65%, P = 0.63) and implantation rate (45.77% versus 29.41% P = 0.19). However, we detected an increase in the miscarriage rate in embryos with high mtDNA (6.15% versus 40.00%, P < 0.05). Hence, a lower ongoing pregnancy rate is associated with elevated mtDNA (42.96% versus 17.65% P < 0.05) ( Table I ). This result was corrected for maternal age, day of the biopsy, egg origin (own or donated) and embryo morphology, as these factors were included as confounding factors.
With the combination of all the factors with significance in mtDNA copy number, a predictive performance of the embryo implantation score was calculated using the mtDNA levels and the receiver operating characteristic (ROC) curve. The AUC was 0.72 with a specificity of 83% (Fig. 3 ).
Heteroplasmy and IVF outcome
Regarding heteroplasmy, all the blastocyst biopsies were analysed for mtDNA mutations. The average depth for the mtDNA sequence reads was 205. According to our criteria described previously to detect heteroplasmic sites, we observed that 40 embryos were heteroplasmy carriers (26.32%). The number of variants per embryo ranges from one to eight. The vast majority of heteroplasmic embryos (70%) carried one mtDNA variant. Mutations in heteroplasmic form were detected in the coding and non-coding regions. Heteroplasmy was detected in 53 different positions across different regions of the mtDNA, and 46 (88.46%) of these sites were heteroplasmic in only one embryo. The majority of heteroplasmies were at low frequency, and the mean rate of heteroplasmy per embryo was 4.25%. Of the 53 detected heteroplasmies, 24 (45.28%) occurred in coding regions and only two out of 24 were synonymous. The highest number of coding heteroplasmic sites was located in the ND3 gene, encoding the ND3 protein. The ND3 protein is a subunit of NADH dehydrogenase, which is located in the mitochondrial inner membrane and is the largest of the five complexes of the electron transport chain.
As for the relationship between the presence of heteroplasmy and the IVF outcome, when we compared the IVF outcome between embryos with different number of variants it appears that increased numbers were associated with a higher biochemical miscarriage rate (0 variants: 13.45%, 1-2 variants: 11.43%, >2 variants: 40.0% P = 0.22) and lower implantation (0:44.54%, 1-2:51.42%, >2:20.0; P = 0.39) and ongoing pregnancy rate (0:41.18%, 1-2:42.85%, >2:20.0%; P = 0.60) without reaching statistical significance (Table II) . No significant difference was reported in pregnancy rate (0:57.98%, 1-2:62.9%, 60.0%; P = 0.87) and miscarriage (0:7.84%, 1-2:12.50%, >2:0%; P = 0.53) according to number of mtDNA variants (Table II) .
Heteroplasmy and mtDNA copy number
Finally, a clear association between the presence of heteroplasmy and mtDNA copy number was reported (0.0013 versus 0.0025, P < 0.001) (Fig. 4A) . Moreover, when we compared the mtDNA copy number among the number of heteroplasmic positions it appears that there is a clear difference in terms of mitochondrial activities (Fig. 4B) . Embryos with a higher number of heteroplasmic sites carried a higher mtDNA copy number (0 variants: 0.0013 ± 0.0009, 1-2 variants: 0.0023 ± 0.0011, >2 variants: 0.0043 ± 0.0014; P < 0.001). Thus, heteroplasmy was more prevalent in blastocysts with high mtDNA levels than in embryos with lower quantities of mtDNA.
Discussion
In this study, we evaluated the possible influence of maternal and embryonic factors on mtDNA levels in order to show if previous research discrepancies in the effect of mtDNA levels on embryo implantation are related to confounding factors. We focused not only on the quantitative (copy number) but also the qualitative (heteroplasmy) changes in mtDNA in human embryos. Our data suggested that an elevated mtDNA copy number in euploid non-mosaic embryos is indicative of lower embryo implantation potential. Although there were no statistically significant differences in pregnancy rate, it appears that high heteroplasmy numbers were associated with reduced pregnancy rate, however a higher sample size will corroborate this finding. In addition, heteroplasmy seems to affect mtDNA copy numbers.
We want to identify what maternal and embryo factors may affect the mtDNA levels. With regards to maternal factors, our study showed a significant association between mtDNA and maternal age providing evidence that preimplantation embryos from older patients have higher levels of mtDNA than embryos from younger women. The association of age and mtDNA levels has been studied previously. Published results have not been entirely concordant, but most reported that mtDNA levels are increased in blastocysts from older women Ravichandran et al., 2017) . Our result agrees with those studies and suggests that blastocysts from older women may have more demanding energy requirements due to continuously declining organelle function over time (Fragouli et al., 2015) , although the relationship between both factors is complicated to show because a single organelle may contain more than one copy of mtDNA. Concerning embryo factors, mtDNA copy number was significantly lower in embryos biopsed on Day 6 compared with those biopsed on Day 5. There was a dilution effect in relative mtDNA content in Day 6 trophoectoderm biopsies versus Day 5 trophoectoderm biopsies from euploid embryos. Thus, given that the mitochondrial content in a given cell of a preimplantation embryo is dependent upon the number of cell divisions that preceded the biopsy, it is useful to evaluate whether embryologic parameters also influence mtDNA quantity in embryo biopsy samples. It is possible that the higher mtDNA quantity observed in certain embryos in prior studies was a function of fewer cell divisions in that individual embryo prior to biopsy and thus less dilution of mitochondria in the analysed sample. Based on mouse models, it has been alleged that no additional mtDNA replication occurs between fertilization and the early post-implantation stage (Pikó and Taylor, 1987) . As a result, the total amount of mtDNA must be split among cells during embryo division, thus by Day 6 of development each embryonic cell should contain very few copies of mtDNA. The discrepancy in the previous studies could represent the confounding influence of the day when the embryo was biopsied and the maternal age. Mitochondrial numbers are quite variable in oocytes and embryos, suggesting that mitochondrial activity is not dictated solely by copy number (Chappel, 2013) . Adequate amounts of mitochondrial activity are strictly regulated by nuclear signals, intracellular ion concentration and the availability of substrates (Dumollard et al., 2006 (Dumollard et al., , 2007 . Since mitochondria contain multiple copies of DNA and cells may contain hundreds or thousands of mitochondria, a mutational load may be tolerated before a deficit in cellular function is apparent. An estimation of 18% mutation level has been associated with a 95% or higher chance of being unaffected (Hellebrekers et al., 2012) . It suggests that mitochondrial dysfunction is only revealed when overall mitochondrial function drops below a threshold (Rossignol et al., 2003) . A study using mice lacking the mitochondrial transcription factor A (TFAM), which is essential for the replication and maintenance of mitochondrial DNA, has demonstrated that oocytes and embryos must contain a threshold copy number of mtDNA to support the developmental competence of embryos to grow into viable foetuses (Wai et al., 2010) . According to these previous works, we evaluated the effect of mtDNA copy number by setting a cut-off. Our observations suggest that embryos with mtDNA copy number above the threshold have a lower chance to achieve an ongoing pregnancy. Despite published data supporting our results (Diez-Juan et al., 2015; Spinella et al., 2016; Fragouli et al., 2017) , not all studies are in agreement. Victor and colleagues (2017) failed to detect a relationship between mtDNA levels and embryo implantation suggesting that a correction factor calculation should be included in order to accurately evaluate the mtDNA levels. We had used the proposed outlined correction factor from Victor et al. (2017) to take the variability of embryonic genomes into account. Even so, we reported that mtDNA levels are a useful tool for pregnancy assessment. Another recent study (Treff et al., 2017) was also unable to show an association between mtDNA copy number and embryo viability, however technical limitations, such as storage of samples, could be a possible explanation. In our study, samples were not stored prior to analysis as they were analysed in the current PGT-A cycle. According to our results, the clinical application is the incorporation of mtDNA copy number analysis into the routine genetic analyses performed by NGS. The ROC curve obtained showed its value as a clinical tool to improve embryo selection. The ROC curve plays a central role in evaluating the diagnostic ability of tests. The derived summary measure of accuracy, such as the AUC, determines the inherent ability of the test to discriminate between the two possible results. The AUC is an effective and combined measure of sensitivity and specificity that describes the inherent validity of diagnostic tests. The reasonable AUC obtained in our model suggests that mtDNA levels have predictive value in discriminating between embryos that are able to achieve an ongoing pregnancy and those that are not. However, the overall percentage of embryos with mtDNA above the threshold is around 10% in most clinics (Wells, 2017) and thereby this limits the clinical value of assessing this feature. Nevertheless, considering that mtDNA quantification is inexpensive for embryos that have already undergone PGT-A, cost-effectiveness remains positive.
It is generally assumed that each individual is characterized by a single mtDNA type, but in fact even an isolated cell can harbour a population of distinct mtDNA genomes, termed heteroplasmy. A recent study reported clear evidence in favour of the existence of purifying selection from mtDNA mutations in human oocytes (De Fanti et al., 2017) , however, little is known about the load of mutations in the mtDNA of human embryos and the possible effect of these mutations.
To investigate this, we analysed the mtDNA sequence reads obtained from the NGS files for PGT-A. We adjusted the criteria for heteroplasmy identification according to the type of fragments that we obtained after the library preparation (Zhang et al., 2016) . According to this criterion we found heteroplasmic changes over the entire mitochondrial genome in 26.32% of the embryos. This result agrees with previous research (Boucret et al., 2017) , which means that probablỹ 1% of the embryos will carry a pathogenic point mutation. This would account for 1:10 000 de novo cases of mtDNA disease (Jacobs et al., 2007) . We observed that the ongoing pregnancy rate, biochemical pregnancy and the embryo implantation rate differed among groups, without reaching statistical significance (1-2 variants, >2 variants and homoplasmic). The limited sample size could be an explanation for this result. More data are needed to determine the effect of mtDNA heteroplasmy on embryo developmental potential.
We next tested for a correlation between mtDNA copy number and heteroplasmy. We reported a clear association between heteroplasmy and mtDNA levels. Our data are also consistent with the idea that mtDNA copy number and heteroplasmy can influence each other (Zhang et al., 2017) . In mitochondrial disease, a compensatory increase in mtDNA copy number via mitochondrial biogenesis may effectively compensate for heteroplasmic mtDNA mutations and mitochondrial dysfunction (Kauppila et al., 2017) . An increase in the mtDNA content of human preimplantation embryos in response to mutation has previously been documented (Monnot et al., 2013) suggesting that human preimplantation embryos have the intrinsic ability to adapt their mtDNA content in response to impaired respiratory capacities triggered by high mtDNA mutant loads. Thus, mtDNA levels are a consequence of a compensatory mechanism in embryos carrying functionally deficient organelles caused by mutations of the mitochondrial genome. Another possible hypothesis that could explain why embryos with higher mtDNA have a lower chance to achieve an ongoing pregnancy is in line with the 'quiet embryo hypothesis' which postulates that under ideal circumstances embryos are engaged in low metabolic activity (Leese, 2002) . Conditions that deviate from the steady state, such as aneuploidy, advance maternal age or chemically induced stress, tend to associate with higher mtDNA content . However, a relationship between cellular stress and more DNA molecules in mitochondria remains unclear. A confounding aspect is that a mitochondrial organelle can contain a broad range of mtDNA molecules. High mtDNA content in a cell does not mean a large number of mitochondria. Thus, elevated numbers of mitochondria do not necessarily mean enhanced mitochondrial function or metabolic activity . We have demonstrated a link between mutation of the mitochondrial genome and the increased mtDNA levels associated with reduced implantation. An accumulation of mutations in mtDNA may limit energy production. As a result, the cell has decreased the capacity to support all cellular events and especially normal segregation during cell division (Chappel, 2013) , therefore will negatively impact on the development of an embryo (Schatten et al., 2014) .
In conclusion, to the best of our knowledge this is the first time that a comprehensive mtDNA study has been performed and associated with IVF outcome. Our study goes one step forward by not only analysing the quantity of mtDNA but also the quality. Our results have demonstrated that embryos with elevated mtDNA content have a lower chance to produce an ongoing pregnancy. Moreover, our data suggest a link between mutation of the mtDNA (heteroplasmy) and the increased mtDNA copy number. Mitochondrial activity is a balance between functional capacity (mutational load), absolute mtDNA copy number within the cell and motility of the organelle (Suzuki, Toyokawa, 2005) . In addition, our data suggest that blastocysts from older women had a higher mtDNA content, thus oocyte ageing could Figure 4 Association between mtDNA copy number and the presence of heteroplasmy and number of heteroplasmic sites. affect ooplasmic factors. Moreover, our results suggest that the mtDNA in a given cell of an embryo is dependent upon the number of cell divisions that preceded biopsy because higher levels of mtDNA were found in Day 5 than Day 6 biopsied embryos. Finally, to better understand the involvement of mtDNA in embryo development and its clinical utility more research into mitochondrial function is needed and clinical randomized trials will be necessary.
